Objective: To determine the safety and effectiveness of a cross-linked sodium hyaluronate (CHA) scaffold in cartilage repair.
Introduction
H yaluronic acid (HA) is a glycosaminoglycan consisting of repeating disaccharide units of (1-β-4) D-glucuronic acid and (1-β-3) N-acetyl-D-glucosamine 1 . It is an important component of the extracellular matrix in tissues, including skin, corpus vitreum, synovial fluid, and cartilage, having unique physicochemical properties and biological functions 2 . Commercial HA is supplied in the form of sodium salt (sodium hyaluronate [SH] ) prepared by microbial fermentation or animal-tissue extraction, and is now widely used in the areas of food, cosmetics, and medicine. HA as a substrate for the growth of chondrocytes is an important component of the cartilage matrix, which can promote the metabolism of chondrocytes and stimulate cartilage matrix formation as well as maintaining chondrocyte phenotype 3 . It is one of the most suitable materials to use in construction of a chondrocyte scaffold.
Raw HA display hygroscopicity and high water solubility because of their polymers with long linear chains. They are readily distributed and degraded by inherent enzymes or free radicals in bodily tissues. Injectable HA in its natural form lasts only 1-2 days when applied to local body tissue 4 . The mechanical strength of non-cross-linked HA cannot meet the requirement of a scaffold for tissue engineering. A stable network of the polymer is formed by cross-linking. Biodegradable and porous material can be prepared by controlling the degree of cross-linking and the process parameters, which would generate a potential scaffold for tissue engineering of cartilage. An injectable gel of a cross-linked HA (CHA) with 1,4-butanediol diglycidyl ether (BDDE) as a cross-linker was used to treat osteoarthritis (OA) and soft-tissue defects and for filling dermal tissue. The efficacy and safety of these products have been confirmed in clinical trials 5, 6 . However, the efficacy of CHA in tissue engineering has, to date, not been clarified.
In the present paper, CHA scaffold samples were prepared using a method of double freeze-drying, with BDDE as a cross-linker. Our study was conducted to assess the efficacy of the CHA scaffold as a newly developed implant in cartilage repair. Therefore, we needed to clarify three aspects of the scaffold implantation: (i) because safety is the most important factor for implants, the safety of the CHA scaffold was assessed by determining the physicochemical properties of the scaffold; (ii) the effect of the scaffold on cartilage repair was evaluated in a minipig full-thickness cartilage defect model with microfracture surgery; and (iii) cartilage-related component detection and pathological examination of the repaired cartilage were used to confirm the promotive effect of the CHA scaffold in cartilage repair at the microscopic and molecular levels. Therefore, the present study will provide the basis for the application of the CHA scaffold in the area of cartilage engineering.
Materials and Methods

Preparation of Cross-Linked Sodium Hyaluronate Scaffold
The CHA scaffold was obtained from our previous study, and was generated from SH with BDDE as cross-linker using a method with a double freeze-drying process 7 . Small CHA scaffold discs of 5-mm diameter were made using a punch for the following surgery.
Animal Model of Full-Thickness Cartilage Defect A total of 12 common grade minipigs weighing 20 AE 2 kg and aged 4-5 months were provided by Shanghai Nanhui Laogang Huaxing Special Animal Breeding Center (Shanghai, China).
The experimental minipigs were anesthetized using 1% pentobarbital sodium solution, were fixed, and routine skin disinfection was performed. A skin incision of 2-3 cm was made in the left and right knees to expose the joints. The femoral condyle was accessed by dislocating the patella and inclining the knee joint ligament, whereupon a cylindrical cartilage defect of 5-mm diameter was created in the femoral condyle. During surgery, the subchondral bone was debrided carefully to avoid bleeding and to ensure a standard-size defect. Subsequently, microfracture holes were made in the defect using a 90 microfracture hand cone according to the procedure described by Schneider et al.
8
. The holes were at a distance of approximately 2-3 mm apart and a depth of approximately 3-4 mm 8 . Following surgery in the CHA scaffold implantation group, the right knees of six minipigs were implanted with the CHA scaffold, the normal structure of the joints was restored and the wound was closed. The left knee joints of the other six minipigs acted as controls, which received no implant, with only the structure restored surgically and the wound closed. In addition, the normal group referred to the undamaged part adjacent to the cartilage defect region.
Cross-Linked Sodium Hyaluronate Scaffold Implantation
The right knee joint cartilage defect was coated with a thin layer of fibrin glue according to the manufacturer's instructions on the bottom of the defect and around the defective cartilage edge. The CHA scaffold disc was pressed into the defect, wetting by dripping saline, and pressed lightly using the surgical knife handle to complete the adhesive fixation. The patella and skin were reset to cover the defective area, and the bending action of the knee joint could further compact the implanted material. And then the skin and patellar was pushed aside to check if the implanted material was compacted tightly. Joint restoration and suture followed.
Subsequently, the animals were allowed to move freely and received standard animal feed and clean drinking water. The room temperature was maintained at 15-26 C. A daily UV disinfection was performed and a postoperative intramuscular injection of 5 × 10 8 units of penicillin was made every morning and afternoon for 3 days to prevent postoperative infection.
Postoperative Observation
An observation was performed outside the cage once daily for 7 days postoperation and subsequently once weekly, with a detailed recording of the appearance of signs, behavioral activities, salivation, respiratory conditions, urination, and administration of local reactions.
Hematological Examination
Blood samples were taken from the veins of animals at 6 and 12 months postsurgery. The blood samples were collected using a Sysmex XT-2000iv automatic hematology analyzer (Sysmex, XT-2000iv, Japan), centrifuged at 1000 g for 15 min and serum biochemical detection was performed using an automatic biochemical analyzer (Hitachi, 7180, Japan).
Pathological Examination
Macroscopic observation was conducted at 6 and 12 months postsurgery. Three animals from each group were used for the pathological examination at 6 months and the remaining three animals of each group at 12 months. The animals were anesthetized using 1% sodium pentobarbital solution, the common carotid arteries were removed, and the entire hind legs were removed to reveal the knee joint to observe the defect repair, including the degree of defect repair, surface roughness, and color change. With the surrounding normal cartilage integration, the border was clear. Synovium of joint proliferation was also detected.
Following macroscopic photography, the normal cartilage and subchondral bone of the defect repair site and adjacent undamaged sites were cut using an 8-mm trephine. After the samples were taken, the remaining material was stored at −80 C. Defect-centered cartilage surface tissue and subchondral bone of 1.5 cm was cut off and fixed in 10% neutral formalin for more than 24 h. This was decalcified with 10% EDTA decalcification solution for 30 days, dehydrated in an ethanol gradient and then xylene and embedded vertically in paraffin. Sections of 5 μm were cut and stained using safranin-O according to the standard method. An O'Driscoll's Articular Cartilage Histological Score was calculated according to the reported criteria shown in Table 1 9 .
Biomechanical Testing
The repaired cartilage and normal cartilage samples frozen at −80 C were thawed at room temperature and an indentation test was performed. The Young's modulus (MPa), stress relaxation time (s), and creep time (s) were determined in vitro using an Instron materials testing machine (Instron, type 4302, UK) at room temperature. Specimens were kept moist using Ringer's solution and an ultrasound moistener. Vernier calipers were used to calculate the cross-sectional area of the specimens. All data are given as the mean force value in each cross-sectional area applied to the cartilage. All tests were performed using a 100-N sensor and the displacement was controlled by the Instron machine. Preconditioning was performed in all tests.
For the Young's modulus test, the specimens were pulled continuously at a constant rate of 10 mm/min until a maximum stress of 2.5 MPa was attained. For the stress relaxation test, the specimens were rapidly extended at a rate of 125 mm/min from their natural state to a maximum stress of 2.5 MPa, followed by a relaxation time of 10 min. In the creep test, the specimens were rapidly extended at a rate of 10 mm/min from their natural state to a maximum stress of 2.5 MPa, and this stress level was maintained for 10 min. While maintaining the maximum stress level, the specimens continued to deform; this phenomenon is called "creep." All data are the mean of at least three measurements and are expressed as the mean AE SD. Each factor was compared between the different groups using one-way analysis of variance (ANOVA) 10 .
Type II Collagen Assay
The repaired cartilage tissues were completely cut out using a 6-mm diameter trephine, as were equal amounts of normal cartilage tissues. A small part of these tissues was used for the quantitative determination of type II collagen, while the remainder was used to determine the glycosaminoglycan content.
The cartilage samples were weighed and then lyophilized to obtain the dry weight to determine the amount of collagen in both the wet and dry tissues. A total of 1-2 mg of lyophilized sample was transferred to a centrifuge tube to which was added 0.5 mL pre-chilled distilled water. After overnight incubation at 4 C, the sample was centrifuged at 8000 g for 3 min. The supernatant was discarded and the pellet resuspended in 0.5 mL 0.05 M Tris-HCl buffer (pH 7.5) and shaken overnight at 4 C. Following centrifugation at 8000 g for 3 min, the supernatant was transferred to a collection tube with 0.2 mL goat serum buffer. The precipitate generated was washed with 0.5 mL of pre-cooled distilled water and 0.5 mL 0.05 M acetic acid was added for incubation at 4 C overnight. The suspension was centrifuged at 8000 g for 3 min and the supernatant was transferred to a collection tube. The combined supernatants were dialyzed in 0.1 M Tris-0.15 M NaCl buffer (pH 7.5) and stored at −20 C. The sediment obtained was digested using pepsin, until almost the entire tissue fragments were dissolved. This was followed by elastase digestion using 0.5 mL of 0.1 mg/mL pancreatic elastase solution. The supernatant was collected. The supernatants acquired from the pepsin and elastase digestions were combined for the determination of type II collagen content. To this was added 1/50 volume of 1M Tris base was added and the volume was adjusted to 2-5 mL with 0. 1 M Tris-0.15 M NaCl. The collagen content was determined by ELISA assay using the Porcine collagen II (Col II) Elisa Kit (Elixir Canada Medicine Company, Hermes Criterion Biotechnology, Canada) according to the manufacturer's instructions.
Determination of Glycosaminoglycan Content
Fresh cartilage samples were lyophilized and cut into small pieces. These were soaked in 95% alcohol for 2-3 h and then in acetone for 2 h and wrapped in filter paper to defat for 16 h in a Soxhlet apparatus. The degreased samples were dried at 80 C for 4 h and ground to a fine powder. This fine powder was digested by incubation with 1 mL trypsin at 37 C for 24 h, 1 mL of papain at 37 C for 24 h, and 60% trichloroacetic acid at a final concentration of 10% at 4 C overnight, and the supernatant was collected. Three times the volume of ethanol was added to the supernatant, left for 24 h and centrifuged at 11 500 g for 30 min; the supernatant was discarded. The remaining freeze-dried precipitate was crude GAG products, which was used to determine the GAG content.
Glycosaminoglycan and alcian blue rapidly generate a soluble GAG-alcian blue complex. The light absorption of this complex is different from alcian blue. Therefore, the GAG content can be calculated by colorimetric determination of the level of the GAG-alcian blue complex. The sample GAG content was determined by ELISA assay using the Porcine glycosaminoglycan (GAG) Elisa Kit (Elixir Canada Medicine, Hermes Criterion Biotechnology, Canada) according to the manufacturer's instructions.
Statistical Analysis
Statistical analysis was performed using the statistical software SPSS, version 16.0 (IBM SPSS, Chicago, US). Continuous data, including hematological factors, Young modulus, stress relaxation time, creep time, and type II collagen as well as GAG content were expressed as means AE standard deviation, and the statistical significance of those variables were evaluated with Student's t-test and one-way ANOVA. All tests were two-sided and P < 0.05 was considered statistically significant. Selected significant differences between groups are highlighted in the Results section, with complete statistically significant differences reported in the tables and figures.
Ethical Approval
All procedures performed involving animals in this study were in accordance with the ethical standards of the Second Hospital of Shandong University Research Committee.
Results
Cross-Linked Sodium Hyaluronate Scaffold Properties
Examination of the physicochemical properties showed the CHA scaffold to be of a porous spongy appearance with a pore size of 80-150 μm under scanning electron microscopy ( Figs 1 and 2 ). The degree of modification (MD) of the CHA B A scaffold was 3.10% AE 0.27% ( Table 2 ). The compression strength (CS) for the dry and wet samples was 14.80 AE 4.06 kPas and 0.5762 AE 0.11 kPas, respectively (Fig. 3) , and the compressive modulus (CM) was 0.6009 AE 0.0837 kPas and 0.0156 AE 0.0042 kPas, respectively; the water absorption (WA) was 58.6% AE 3.5%, the expansion ratio (EX) 100.7% AE 4.8%, and the porosity (P) 96.5% AE 2.6%.
General Postoperative Observation
The animals recovered from anesthesia 3-5 h postoperation. After 24 h, the animals could stand up, with left hindlimb claudication, while food and drinking water intake were generally normal. Within 15 days postoperation, the surgical sites had almost recovered, with shiny fur. Moreover, there was no secretion around the eyes, nose or ears, nor trauma or inflammation in other body parts. In addition, behavior and gait were nearly normal, without any obvious clinical adverse reactions being found.
Hematological Examination Postoperation
The hematological factors were evaluated at 6 and 12 months postoperation to determine the influence of the surgery and the CHA scaffold implantation. Most of the results of the routine blood, hepatorenal function, and biochemical ion tests displayed no significant differences when comparing the CHA scaffold implantation group with the control group, except for some biochemical ions and lipid factors (Table 3) . Furthermore, these routine hematological factors tested in all the enrolled animals were within the normal physiological ranges.
Pathological Characteristics
Macroscopic Observation
Repair of the defective cartilage in the animal knee joint began during the 6 months postoperation and was gradually enhanced from the central to the surrounding region under macroscopic observation. After 6 months, the cartilage defect was repaired in the CHA scaffold implantation group, and the junction of the defect and the repaired areas was clear and tight without any cracks, but the repaired area appeared slightly paler compared to the normal cartilage (Fig. 4) . However, the repaired surface of the defect in the control group was snatchy, and the junction between the defect and repaired areas was not clear.
At 12 months postoperation, the cartilage surface in the repair area of the CHA scaffold implantation knee was smooth and the color was similar to that of normal cartilage. The margin of the repaired area was basically merged with the normal cartilage. There were no obvious boundaries between the normal and the repaired areas and the degree of repair had clearly improved compared with that at 6 months. By contrast, there was no significant improvement in the control group of the cartilage surface or margin after 12 months compared to after 6 months postoperation.
Microscopic Examination
Furthermore, microscopic examination of HE staining of tissues acquired at 6 and 12 months postsurgery showed that some chondrocytes were present on the cartilage surface of the CHA implanted animals. Moreover, HE staining showed a dark blue nucleus and a red matrix around the cartilage, with varying degrees of fibrous tissue repair (Fig. 5) . With safranin-O staining, the superficial and even deep layers in the repaired cartilage tissue of the implantation group were lightly and unevenly dyed after 6 months, whereas in the control group, this was more shallow and uneven. Furthermore, the matrix of the repaired area of the implantation group was stained much deeper at 12 months postoperation, but in the control group, only the superficial layer of cartilage and even the middle layer displayed only slight staining and uneven coloring (Fig. 5) .
O'Driscoll Articular Cartilage Histology Scoring
We applied the O'Driscoll Articular Cartilage Histology Scoring Criteria to evaluate the major histological types, structural features, cell degeneration, and degenerative changes of adjacent cartilage. The results of the composite scores of cartilage repair of the left and right knees are presented in Table 4 . Greater cell degeneration and degeneration of the adjacent cartilage was found in the implantation group compared with the control group at both 6 and 12 months postoperation, suggesting that the CHA scaffold could reduce injury-induced cartilage degeneration and might promote the cartilage defect repair ability.
Biomechanical Properties of the Repaired Cartilage
The biomechanical properties was evaluated 6 and 12 months postoperation by Young modulus, stressrelaxation time, and creep time. As shown in Table 5 , there were statistically significant differences in the biomechanical properties among the groups at both at 6 months and 12 months postoperatively. For the scaffold implantation, control, and normal groups, the Young modulus was 0.48 AE 0.16, 0.35 AE 0.06, and 1.14 AE 0.16, respectively, at 6 months and 0.61 AE 0.17, 0.37 AE 0.13, and 1.23 AE 0.22, respectively, at 12 months; the stress relaxation time was 1448 AE 337, 1132 AE 257, and 2222 AE 217, respectively, at 6 months and 1544 AE 407, 1297 AE 70, and 2209 AE 461, respectively, at 12 months; the creep time was 1598 AE 314, 1297 AE 339, and 2504 AE 151, respectively, at 6 months and 2132 AE 213, 1838 AE 262, and 2738 AE 237, respectively, at 12 months. Our results suggested that the mean repair area ALB, albumin; ALP, alkaline phosphatase; ALT, glutamic-pyruvic transaminase; AST, glutamic oxalacetic transaminase; BASO, basophil; BUN, blood urea nitrogen; CHA, cross-linked sodium hyaluronate; CK, creatine kinase; Cl, chlorinum; CREA, creatinine; EO, eosinophil; HCT, hematocrit; HGB, hemoglobin; K, Potassium; LYMPH, lymphocyte; MONO, mononuclear leucocyte; Na, sodium; NEUT, neutrophile granulocyte; PLT, platelets; PT, prothrombin time; RBC, red blood cell; TBIL, total bilirubin; TC, total cholesterol; TG, triglyceride; TP, total protein; TT, thrombin time; WBC, white blood cell; * P-value of P < 0.05 was considered statistically significant.
for the implanted scaffold was greater (P < 0.001 for Young modulus, stress-relaxation time, and creep time at 6 months postoperation and P < 0.001 for Young modulus, P = 0.015 for stress-relaxation time, and P = 0.001 for creep time at 12 months postoperation) than that of the control group of the left knee repair area (Fig. 6) , the former being closer to the values of the normal area cartilage, indicating that CHA scaffold cartilage implantation was better than the operation control regarding the biomechanical properties of the repaired cartilage. Implantation with the CHA scaffold matrix promoted cartilage repair and improved its compression capacity.
Type II Collagen Expression
Type II collagen content is an indicator for cartilage repair. Therefore, type II collagen expression was determined in the repaired cartilage. There were differences in type II collagen expression in repaired cartilage among the groups (Table 6 ). The type II collagen level in the CHA scaffold implantation group tended to be higher than that in the control group at 6 months (2.33 AE 1.50 vs 1.68 AE 0.56, P = 0.143) and 12 months postsurgery (3.37 AE 1.70 vs 2.06 AE 0.63, P = 0.108). The values in both groups at 6 months were significantly lower than normal cartilage at 6 months (4.37 AE 1.73, P = 0.010), whereas there was no significant difference among the groups at 12 months postsurgery (P = 0.065). Our results suggested that CHA is beneficial for type II collagen accumulation in the cartilage tissue. However, the cartilage repair with CHA was still different from normal cartilage within a short time.
Glycosaminoglycan Expression
To make clear the level of repaired cartilage, glycosaminoglycan was evaluated. There were significant differences among the groups in GAG expression evaluated at 6 and 12 months after surgery ( Table 7 ), indicating that GAG expression in repaired cartilage was lower than that of normal cartilage. In addition, the GAG content in the cartilage of the control group was significantly lower than that of the experimental group (2.17 AE 0.43 vs 3.64 AE 1.17, P = 0.002 at 6 months and 2.27 AE 0.38 vs 4.12 AE 1.02, P = 0.002 at 12 months). Furthermore, there was no significant difference in GAG expression between the CHA scaffold implantation and normal groups evaluated both at 6 and 12 months postsurgery. surgery. There was no significant improvement in the control group of the cartilage surface or margin compared to after 6 months postoperation.
(E) 6 months after CHA scaffold implantation in the microfracture site. After 6 months, the cartilage defect was repaired in the CHA scaffold implantation group, and the junction of the defect and the repaired areas was clear and tight without any cracks. (F) 12 months after CHA scaffold implantation in microfracture site. The cartilage surface in the repair area of the CHA scaffold implantation knee was smooth and the color was similar to that of normal cartilage. There were no obvious boundaries between the normal and the repaired areas and the degree of repair had clearly improved compared with that at 6 months.
Therefore, the GAG content in repaired cartilage after CHA scaffold implantation almost reached the normal level (Table 7) . This suggested that CHA stimulated GAG accumulation at the repair site, and GAG accumulation increased with time.
Discussion
B ecause of its unique physicochemical properties and biological functions, HA and its derivatives and preparations have been widely used in the clinic, including for OA, ophthalmologic operation, prevention of surgical adhesion, and burn treatment 11, 12 . However, raw HA are easily distributed and degraded by native enzymes and free radicals in bodily tissues, preventing their application in tissue engineering. Therefore, a number of CHA produced with different cross-linkers and process parameters have been developed 13, 14 . The CHA with BDDE as the cross-linker has proved effective in certain clinical trials 15, 16 . However, the safety and efficacy of CHA in tissue engineering, to date, have not been clarified.
In the present study, we evaluated the efficacy of CHA in cartilage repair in an animal microfracture model. We found that the surgery had little influence on the animals, and their behavior and gait were nearly normal, without any obvious clinical adverse reactions. The use of fibrin glue was not essential for the study; however, the results from our pre-test showed that the fibrin glue maintained better stability. Therefore, we used the glue in our study. Furthermore, hematological examination showed that there was no significant difference between the CHA scaffold implantation and control groups, except for some biochemical ions and lipid factors. In addition, all the routine hematological factors tested in enrolled animals were within the normal physiological ranges. The above results confirmed that CHA scaffold implantation is safe and without any foreign-body reaction or inflammation, which may induce implantation failure of scaffold materials 17 . Cross-linked sodium hyaluronate scaffold implantation improved the compressive ability of the repaired cartilage. The cartilage repair area under the naked eye and indentation test showed that the level of cartilage in the CHA 19, 20 . Furthermore, upregulation of type II P 0 refers to the P-value for statistical analysis of the difference between the CHA scaffold implantation and the control group. * P-value of P < 0.05 was considered statistically significant. CHA, cross-linked sodium hyaluronate collagen is one of the typical characteristics of chondrogenesis. Therefore, it is commonly considered that type II collagen and GAG reflect cartilage regeneration and are excellent predictors for the mechanical property. While the gross appearance and histopathology are two of most commonly reported results of cartilage repair, the histological score, GAG content and type II collagen composition are much better predictors for mechanical properties. The present study demonstrated that the CHA scaffold reduced injury-induced cartilage degeneration and might promote cartilage defect repair ability according to the O'Driscoll Articular Cartilage Histology Score. Furthermore, CHA was beneficial for the accumulation of both type II collagen and GAG in the cartilage tissue, which increased with time, although the repaired cartilage was different from normal cartilage. The above findings indicated that CHA may be an attractive scaffold choice for cartilage tissue engineering 21 , which is in agreement with the results of Unterman. He investigated the efficacy of controlled HA presentation in synthetic-biologic composite materials as potential tissue engineering materials for the regeneration of cartilage and soft tissues. This study confirmed that HA-binding hydrogels induced higher GAG and type II collagen production in vitro and induced modestly greater safranin-O staining in repair cartilage in vivo. Other studies have indicated that HA has the potential to support upregulation of chondrocyte-specific genes and produce cartilage-like matrix rich in type II collagen and aggrecan 22, 23 . These findings are consistent with our results, which indicated that the CHA scaffold may help to promote the repair of defective cartilage, and it is, thus, a promising material in tissue engineering.
A limitation of the present study is that the number of experimental animals was small. Therefore, further animal study is needed.
In summary, the results of the effect of the CHA scaffold implant on cartilage repair show that it may help to promote the repair of defective cartilage safely. Implantation of a CHA scaffold could improve the compressive capacity in repairing cartilage. In conclusion, the present experimental results preliminarily demonstrated that the implantation of a CHA scaffold during microfracture is beneficial for cartilage repair and the reduction of injury-induced degenerative cartilage changes. However, further animal study is needed to confirm the effect of CHA on cartilage repair. P 0 refers to the P-value for statistical analysis of the difference between CHA scaffold implantation and control group. P 00 refers to the P-value for statistical analysis of the difference between the CHA scaffold implantation and the normal group. * P-value of P < 0.05 was considered statistically significant. CHA, cross-linked sodium hyaluronate; GAG, glycosaminoglycan
